INTRODUCTION
Thanks to incisive studies over many years, much has been learned of the interactions that stabilize folded proteins (1-4). The advent of directed mutagenesis has made it possible to determine the specific contributions to stability made by a given amino acid in a protein of interest. The purpose of this review is to highlight new insights into hydrophobic and electrostatic interactions that have been provided by studies of such mutant proteins, with emphasis on those studies for which high-resolution structural information is available. Experience has shown that mutant proteins usually retain overall structures that are very similar to those of their wild-type parents (5-8). Nevertheless, knowledge of the structural changes that do occur at the site of the substitution, including changes in bound solvent, can be critical in understanding the properties of mutant proteins (5) (6) (7) (8) (9) (10) .
The Importance of Context
The apparent strength of a given interaction in a folded protein can vary substantially depending on the context (2) . As a specific example there is largely buried salt bridge in T4 lysozyme between His31 and Asp70 that is exceptionally strong, with an interaction energy of 3-5 kcal mol-l (11) . If, however, His...Asp pairs are engineered on the surface of the protein, the interaction between them appears to be weak (12) . At least part of the reason that the interaction between His31 and Asp70 is so strong is that these two residues are held rigidly together by a multitude of favorable interactions with the rest of the protein. In this situation the folding of the protein pays the entropy cost of localizing the two partners and, in addition, provides a local environment that resists protonation of the glutamate and deprotonation of the histidine. It is these supplemental interactions that contribute to the strength of the electrostatic interaction. In the absence of such ancillary interactions--e.g. in a mobile, solvent-exposed environment on the surface of a protein--a histidine and an aspartic acid typically have a very weak energy of interaction.
Context must also be kept in mind in the evaluation of mutations designed to probe the strength of a given interaction, especially mutations designed to remove existing interactions. It may not be possible to design substitutions that will eliminate one type of interaction (e.g. electrostatic) without simultaneously affecting other types of interactions as well (e.g. van der Waals, hydrophobic, or hydrogen-bonding).
The importance of context was initially highlighted by mutagenic studies showing that many amino acid substitutions on the surfaces of proteins had little effect on stability (13, 14) . Conversely, Alber et al (15) found mutants that substantially destabilize T4 lysozyme were only observed in the rigid parts of the protein (Figure 1 ). This strongly suggested that the stability of a protein structure is dominated by its rigid parts and that flexible, solvent-exposed parts contribute little.
Recently Poteete and coworkers (16) used amber suppression to substitute, in turn, 13 different amino acids at 163 of the 164 residues in T4 lysozyme. Of the resulting 2015 single amino acid substitutions only 173 were seriously deleterious. These occur at the 53 sites marked in Figure 1 . As can be seen essentially every one of these amino acids has low mobility in the native structure, strongly supportive of the view that the stability of the protein is dominated by its rigid parts. More than half of the residues in T4 lysozyme tolerate all of the substitutions examined by Poteete and coworkers (16) . has also been verified that residues on the surface ofT4 lysozyme can routinely be replaced with alanine with very little change in stability or structure Annual Reviews www.annualreviews.org/aronline (17) (18) (19) . This tolerance to change (20) occurs in part because conformational flexibility often allows the protein to minimize the effects of a potentially deleterious substitution by locally readjusting to give an alternative structure that is energetically comparable to wild-type (9, 21) .
The Folded and the Unfolded State
In the context of this review, "protein stability" means the difference between the free energy of the folded and the unfolded protein. Protein stability might be enhanced either by increasing the stability of the folded protein, or by decreasing the stability of the unfolded form, or by a combination of both. Mutations that restrict or enhance conformational degrees of freedom can change the free energy of the unfolded state. Examples include substitutions involving glycines, prolines (22) , and disulfide bridges. One of the major concerns in the use of mutants to analyze protein stability was that amino acid substitutions might result in unpredictable changes in the free energy of the unfolded molecule. If so, it would be practically impossible to rationalize observed changes in stability. To the contrary, there now seems to be every reason to believe that in many cases it will eventually be possible to understand the effects of mutations on protein stability based on accurate knowledge of the wild-type and mutant structures, together with relatively simple models that consider the unfolded state as a highly solvated nonstructured polymer. As an example, M. Blaber, J. D. Lindstrom, S. D. Pepiot, and B. W. Matthews (unpublished) have substituted all 20 amino acids at position 44, solvent-exposed site in an a-helix of T4 lysozyme. The relative stabilities of these 20 variants agree remarkably well with corresponding helix propensities obtained by Lyu et al (23) based on substitutions of 10 different amino acids within an a-helical model peptide (correlation coefficient 0.86). From thermodynamic point of view, this close correspondence strongly suggests that the unfolded state of T4 lysozyme is nearly equivalent to the unfolded form of the peptide used by Lyu et al (23) .
HYDROPHOBIC STABILIZATION
It is generally agreed that the hydrophobic effect is the major factor in stabilizing the folded structures of globular proteins. Until recently, it has also been generally agreed that the strength of the hydrophobic effect, i.e. the energy of stabilization provided by the transfer of hydrocarbon surfaces from solvent to the interior of a protein, is about 25-30 cal mol-~/-2 (24, 25) .
Recently some, but not all, studies using site-directed mutagenesis and protein denaturation have suggested that the strength of the hydrophobic effect might be much greater. In a typical experiment a nonpolar residue within the Annual Reviews www.annualreviews.org/aronline core of a protein is substituted by a smaller nonpolar residue, and the resultant change in the stability of the folded vs the unfolded (or denatured) form the protein (AAG) is taken as a measure of the difference between the hydrophobic stabilization provided by the two amino acids. A summary of a number of such experiments is given in Table 1 (26) . Perhaps the most striking feature is the variability of the results. The 17 different leucine-to-alanine substitutions, for example, are associated with energy changes that range from 1.7 to 6.2 kcal mo1-1. The lower value corresponds approximately to AGu, the difference between the solvent transfer free energy of leucine and alanine based, for example, on the data of Fauch6re and Pliska (27) . The higher value, however, exceeds AAG~r by a factor of three.
Sharp et al (28) have suggested that the AGo values should be adjusted allow for the difference in volume between the solutes and solvents used in their determination. As noted by Pace (26) , such adjusted values reasonably correspond to the average change in protein stability associated with the different types of substitution. They fail, however, to explain the variability of the individual measurements (in particular those cases where AAG is substantially less than the adjusted transfer free energy). From a structural perspective, it is intuitive that the source of the variability in the AAG values in Table 1 must lie in different responses of the proteins to different substitutions at different sites.
To address this question, Eriksson et al (10) created a number "cavity-creating" leucine-to-alanine replacements in T4 lysozyme and deter- (50) , and T4 lysozyme (30, bThe value for a single methyl group (-CH2-) was obtained by combining and averaging the f'n'st four lines in the table.
C ln each case the experimentally observed value of AAG has been divided by the fraction of the side-chain buried in the native structure so as to normalize to a value expected if all substitutions were 100% buried.
dThe solvent transfer free energies, AGt~, are for water to octanol (27) .
Annual Reviews www.annualreviews.org/aronline mined their crystal structures. In some mutants the protein structure hardly changed at all. In other cases the protein relaxed substantially (shifts up to -1/~), and atoms moved into part of the space vacated by the leucine side-chain. In each case, however, a cavity remained in the mutant protein.
An approximate linear relationship was noted between the size of the cavity created by a given replacement and the loss of protein stability (Figure 2 ), Figure 2 suggests that the decrease in protein stability associated with a Leu --> Ala replacement consists of a constant energy term of approximately 1.9 kcal mol-1 plus an energy component that depends on the size of the cavity created by the substitution. The constant term of 1.9 kcal mo1-1 is equal to the difference in hydrophobicity of leucine and alanine estimated by transfer from water to octanol (AGt~, Table 1 ) and corresponds to about 25 cal -0.024 kcal mol-/~-~, and AV is the increase in cavity volume. In the vicinity of the double mutant an additional -1.9 kcal mol -~ is added to AAG to reflect the fact that in this case both a leucine and a phenylalanine, (which is here regarded as equivalent to a second leucine) have been replaced with alanine. From (10).
Annual Reviews www.annualreviews.org/aronline mol-1/-2. The cavity-dependent energy term, at least for the Leu --> Ala (or Phe --> Ala) replacements in T4 lysozyme, is 24 cal mol-l/~-3 (see also 10 for an alternative estimate). Expressed in terms of area, the energy cost is 20 cal mol-1 per square angstrom of cavity surface created. This suggests a way to reconcile the different values for the hydrophobic strength obtained, on the one hand, by solvent transfer experiments, and, on the other hand, by directed mutagenesis ( Table 1 ). As noted, Figure 2 suggests that the change in energy associated with the replacement of a buried leucine with an alanine consists of a constant and a variable part. The constant part is presumed .to depend only on the identities of the two amino acids being compared, in this instance leucine (or phenylalanine) and alanine. Physically this energy term can be considered as the difference in energy required to desolvate (i.e. transfer from solvent to protein interior) a leucine relative an alanine. The variable part of the change in protein stability associated .with the Leu --> Ala replacements (Figure 2 ) depends on the context within the. three-dimensional structure and the way in which the protein structure adjusts in response to the substitution. One can imagine two extreme situations~.~ In: one case a Leu --~ Ala replacement is made at a buried site and the protein structure remains completely unchanged (c.f. L99A). In this situation the size of the created cavity is large and the mutant (Ala) protein is maximally destabilized. In the other extreme, the protein structure relaxes in response to the Leu--> Ala substitution, fills the space occuPied,by the Jeucine side-chain, and so avoids the formation of any cavity whatsoever. In this case, and in the absence of any other energy terms that might come into play, the decrease in energy of the mutant protein relative to wild-type would reduce to the constant energy term described above, i.e. about 1.9 kcal mo1-1. A prediction of this model is that, in the absence of other factors, any buried leucine-toalanine substitution should decrease the stability of a protein within defined limits. The lower limit should correspond to the difference between the transfer free energy of leucine and alanine (AGtr, Table 1), i.e. about 1.9 kcal mo1-1. The upper limit of protein destabilization should correspond to mutants creating the largest cavities possible for a Leu ~ Ala replacement. Inspection of Figure 2 suggests that the upper limit might be about 6 kcal mo1-1 (c.f. L99A) (i.e. about three times AGtr). This rough expectation should generalizable to all of the substitutions summarized in Table 1 . Indeed, the great majority of the AAG values in Table 1 do fall within AGtr and 3AGtr. The two most severe exceptions are the Val 114 --~Ala replacement in Staphylococcal nuclease for which AAG --0 kcal mo1-1 (29) and Ile3 --~ Ala in T4 lysozyme for which AAG = 1.1 kcal mo1-1 (30, 31) . Neither of the structures of these mutants has been determined, but in the. latter case it is inferred from the known structures of the Ile3 ~ Pro and Ile3 --~ Tyr variants that a water molecule occupies part of the space vacated by Ile3 in the Ile3 Annual Reviews www.annualreviews.org/aronline , Ala structure and so restores stability that would otherwise be lost (32) . is understandable, therefore, why Ile3 --> Ala in T4 lysozyme does not fit the standard pattern.
Hydrophobic Cavities and Water Molecules
Are hydrophobic cavities in proteins really empty or do they contain disordered solvent? Many buried water molecules have been observed within the interiors of proteins. Such buried solvent molecules usually participate in some form of hydrogen bond network (33) , and it could well be that hydrogen bonding an absolute requirement for solvent burial. To the knowledge of this author there are very few if any well-established examples of a water molecule observed in a strictly nonpolar (i.e. strictly nonhydrogen-bonding) cavity within a protein (but see 34). This could, however, be for two different reasons: (a) Hydrophobic cavities are truly devoid of solvent, or (b) hydrophobic cavities contain solvent but the solvent is so mobile as to be crystallographically undetectable. The crystallographic technique is clearly capable of detecting well-ordered solvent molecules in high-resolution crystal structures. In the Ile3 --> Pro (32) and Ile3--~ Tyr (30, 31) mutant T4 lysozyme structures, for example, the presence of a water molecule at the substitution site could be clearly seen. A water molecule in a nonpolar cavity would not be expected to be well ordered, but the extent of its motion would be limited by the size of the cavity. In a well-refined crystal structure the apparent mobility of each atom is defined by its "thermal factor" (B). Atoms (including solvent) with B-factors in the range 0-40 A2 are usually well defined. When the B-factor exceeds about 60/~2, the atom is sufficiently mobile or disordered that it can no longer be seen reliably in election density maps. A water molecule with a B-factor of 60 ,~2 is expected to occupy a volume of about 100/~3. Since some of the apparently empty hydrophobic cavities in wild-type and mutant T4 lysozymes have volumes in the range 25-40/~3 (10), the crystallographic method should be able to detect solvent molecules within such cavities if they were present. On the other hand, X-ray crystallography cannot so reliably rule out the presence of disordered solvent in the larger cavities, which have volumes of 100-220 ~3.
ELECTROSTATICS
Many lines of evidence (4) make it clear that electrostatic interactions do not play a dominant role in protein folding. In specific contexts, however, electrostatic interaction can be critically important. Recent mutagenic and structural analyses have helped clarify the nature of electrostatic interactions in protein stability.
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Long-Range Electrostatic Interactions
Classical theory predicts that proteins become unstable at high and low pH because increased acidity or basicity increases the overall charge on the molecule, leading to increased charge repulsion which destabilizes the folded form. T4 lysozyme is a basic molecule with a formal excess of nine positive charges at neutral pH. To determine the effect of long-range repulsion between these positive charges, five lysines or arginines were replaced with glutamic acid (35) . Each of the variants was shown by crystallography to have structure very similar to wild-type. Selected double, triple, and quadruple mutants were also constructed so as to reduce sequentially the out-of-balance formal charge on the molecule from +9 to + 1 units. The thermal stabilities of all the variants were found to be fairly close to wild-type ( Figure 3 ). Where changes were observed they could be rationalized in terms of changes in local interactions at the site of the replacement. Most significantly, the relative stabilities of the multiple charge-replacement mutants were found to be almost exactly equal to the sums of the relative stabilities of the constituent single mutants, indicating that the long-range electrostatic interactions between the replaced charges are negligible (35) .
Salt Bridges
A number of mutagenic analyses have shown that salt bridges on the surfaces of proteins usually contribute very little to protein stability (12, (36) (37) (38) . The results of four attempts to introduce salt bridges on the surface of T4 lysozyme are summarized in Table 2 . In each case a glutamic or aspartic acid was introduced close to an existing lysine or arginine. The crystal structures of the three glutamate-containing mutants were determined and found to be extremely similar to wild-type (12) .
The signature of an electrostatic interaction is its pH-dependence. At neutral pH, both the acidic and basic partners are expected to be charged and the electrostatic interaction should contribute to the overall stability of the protein. At low pH ('2.0), however, the acidic partner is expected to lose its negative charge and the benefit of the electrostatic interaction is lost. As seen in Table  2 , three of the mutants (T115E, N116D, and N144E) do show the pH-dependence of protein stability expected for a favorable salt-bridge interaction. However, in subsequent controls in which the positive partner (Lys or Arg) was replaced with methionine, the mutant retained stability at pH 6.5, even though one-half of the salt bridge had been removed. It is clear that whatever increase in stability might have resulted from the T115E, N116D, and N144E replacements it was hardly, if at all, due to the designed salt bridge.
[Subsequent studies showed that the increase in stability in all three cases is due to favorable interactions with a-helix dipoles (see below).] Annual Reviews www.annualreviews.org/aronline ,dG (kcal/mol) a The table gives the average crystallographic thermal factor for the atoms in the side-chains of the residues that were designed to form salt bridges. Values are given both in the wild-type structure, i.e. prior to the introduction of the charge partner, and in the mutant structure, when the charged partner is present. In the case of Q123E both Arg119 and Arg125 are close to the introduced glutamic acid at position 123. The average side-chain thermal factor for the whole structure is 34/~2 . Adapted from (12, 42) .
The crystal structures of the glutamate-containing variants provide an opportunity to see how the introduction of the salt bridge affects the mobility of the interacting partners. As shown in Table 3 , the lysines and/or arginines present in the wild-type structure all have relatively high B-factors (except Arg148), indicating that they have above-average mobility in the parent structure. When the acidic partner is introduced, the B-factors of the lysines and arginines are virtually unchanged, with no indication that the positive and negative partners tend to come together in a well-defined interaction. Consistent with this view, the introduced acidic groups have above-average mobility.
Dao-pin et al (12) have rationalized these results by arguing that the entropy cost of localizing a lysine, arginine, or glutamic acid side-chain is essentially equal to the expected benefit of a salt-bridge interaction between them. Therefore, in the absence of other interactions that help to localize a positive and negative ion pair, the expected interaction energy is expected to be very weak.
Helix Dipoles
One way in which the folding of a protein can localize electrostatic charges is in the formation of e~-helix dipoles. Interaction of such helix dipoles with charged groups in the vicinity can be significant (39) (40) (41) (42) (43) (44) .
Experience with T4 lysozyme has shown that the introduction of an acidic group close to the amino terminus of an a-helix is one of the most consistently effective ways to increase protein stability. Five examples are summarized in Table 4 . Each substitution increases the stability of T4 lysozyme at pH 6.7, when the introduced acid is charged, but not at pH 2.0 when it is neutral. Control mutations in which the acidic group is replaced by a neutral Annual Reviews www.annualreviews.org/aronline a An effective interaction between an acidic group and an a-helix dipole is expected to show little if any change in stability relative to wild-type at low pH, and an increase in stability relative to wild-type at pH -6.7 when the acidic group is ionized. This pH-dependent increase in .~tability should be eliminated in the control, as is generally observed. Adapted from (41, 42, 51) .
counterpart (e.g. Ser38 --~ Asn instead of Ser38 --~ Asp) show that it is the introduced negative charge that confers the enhanced stability at neutral or near-neutral pH (Table 4) . Structural studies of the wild-type and mutant lysozymes indicate that the stabilization is due to generalized electrostatic interaction of the introduced aspartic acid side-chain with the positive charge at the end of the a-helix, and does not require precise hydrogen bonding to the terminal amino groups (Figure 4 ). In the case of the stabilizing Asn144 ~ Asp substitution, for example (Figure 4) , as well as the geometrically similar Thrl09 --~ Asp and Asn116 --~ Asp substitutions, neither the wild-type nor the mutant side-chain makes any hydrogen bonds to the end of the helix (41, 42) . Because precise hydrogen bonding is not required, the design of stabilizing substitutions is greatly simplified.
As discussed above, the electrostatic interaction energy between mobile side-chains on the surface of a protein is offset by the entropy cost of immobilizing or restricting the motion of the interacting partners. In the case of an a-helix dipole, the entropy cost of localizing the partial positive charges at the N-terminus of the helix and the partial negative charges at the C-terminus is provided during the folding of the protein. It may be for this reason that interactions of charged groups (especially aspartate, with its short side-chain) with a-helix dipoles are consistently effective in increasing protein stability, whereas electrostatic interactions between charged groups on the surface of the protein are ineffectual. Figure 5 shows the energy of interaction of the five stabilizing T4 lysozyme mutants (Table 4) it is not easy to compare interaction energies because of differences in structure. In this case, however, three of the mutants occur at the N2 position of an ~x-helix, and in all cases it has been confirmed crystallographically that the variants have practically superimposable structures (41, 42) . Also, in each of these three cases one can compare the stabilities of the same substitutions (Asp vs Asn). The results, therefore, suggest quite strongly that the interaction energy is essentially independent of the length of the helix. This indicates that the helix-dipole interaction can be considered as arising from the partial Annual Reviews www.annualreviews.org/aronline Length of helix Figure 5 Helix-dipole interaction energies for stabilizing substitutions in T4 lysozyme ( Table  4 ). The figure does not include interaction energies for control mutations that remove existing helix-dipole interactions in the native protein since such substitutions may affect not only the presumed helix-dipole interaction but other interactions as well. Based on (42) . changes localized on the unsatisfied amides and carbonyls in the first and the last turn of the helix.
Helix Capping
Richardson & Richardson (45) showed that some amino acids tend to occur much more frequently than others at certain positions within a-helices. In particular,
Gly is often observed at the C-cap position, Asn at the N-cap position, Pro at N1 (i.e. N-cap + 1) and Asp and Glu at N2 and N3 ( Figure   6 ).
As noted above (Table 4 , Figure 5 ), the three replacements Thrl09 ~ Asp, Asnll6 --~ Asp, and Asn144 --~ Asp in T4 lysozyme introduce acid groups at the N2 position of an a-helix and in so doing increase protein stability. This is very much in line with the enhanced frequencies of acidic groups at the N2 and N3 positions ( Figure 6 ). In contrast, however, the replacement Annual Reviews www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline Figure 8 Illustration of the difference in backbone geometry that is required to accommodate, respectively, serine and asparagine at the N-cap position in an a-helix. In (a) the ",/-hydroxyl the serine accepts a hydrogen bond (dotted) from the backbone amide of residue N3. Because the larger size of the Asn side-chain, relative to Ser, an asparagine substituted at the N-cap position necessarily introduces a bad contact (arrowheads) with the 13-carbon of residue N2. This close contact cannot be avoided by adjustment of the Asn side-chain angles, X1 and X2, but can be avoided by an adjustment in the backbone (~). From (47) .
positions. For Asp and Asn residues, the backbone usually has a conformation such that 0 is within the range 75-135. For Ser and Thr, however, 0 is usually in the range 150-180 (48) . Consistent with this trend, Thr59 wild-type lysozyme has (tb, ~) values of (-91, 166) (47) . When Asn Asp) is substituted for Thr59, local constraints prevent the backbone from Annual Reviews www.annualreviews.org/aronline readily relaxing to a preferred 0 value of less than 135 and unfavorable van der Waals contacts are incurred, accounting for the destabilization associated with these substitutions. In contrast, Ser38 in wild-type lysozyme has (qb, 0) values of (-88, 130), which is essentially at the upper limit of the normal range for Asn and Asp at the N-cap position. In this case the Ser --~ Asp replacement does increase stability, while the Ser ~ Asn replacement leaves stability essentially unchanged ( Table 4 ). The loss of stability for the Val, Ala, and Gly replacements of Thr59 in T4 lysozyme (Figure 8 ) appears to be due to the loss of hydrogen bonding, possible introduction of strain (in the case of Val), but offset (in the case Ala and Gly) by Asp61 at the N2 position moving in to act as a surrogate helix cap (47) . Solvent accessibility calculations do not support the hypothesis (46) that the Val, Ala, and Gly variants differ in stability because they allow progressively better access of solvent to the amide groups at the N-terminus of the helix.
The overall conclusion is that amino acid preferences at specific locations at the ends of a-helices can be used to suggest possible stabilizing replacements in proteins, but it is critical to take into account the details of the local stereochemistry in order to avoid steric interference with the existing structure.
SUMMARY
One very encouraging development has been the freedom with which amino acid replacements can be introduced in a protein of interest. This has made it possible to obtain detailed structural and thermodynamic data on a wide variety of mutants that modify protein stability.
Substitutions of solvent-exposed amino acids on the surfaces of proteins are seen to have little if any effect on protein stability or structure, leading to the view that it is the rigid parts of proteins that are critical for folding and stability.
There is every reason to expect that it will be possible to rationalize the stabilities of mutant proteins from accurate knowledge of their structures. Substantial progress is being made in quantitating the interactions that determine and stabilize protein structures. Although not specifically the subject of this review, substantial progress is also being made in developing methods to engineer proteins of enhanced stability.
